We report the influence of V deficiency on structure, transport, and magnetic properties of polycrystalline LaVO 3 . Up to 10% V-deficient samples were synthesized using standard solid state chemistry route. Structural and spectroscopic studies show that it intricately modifies lattice parameters and oxidation states of V. Further temperature dependent resistivity data reveal that V deficiency induces an enhancement in the resistivity and activation energy. The paramagnetic moment of these samples depends on net V composition while all samples exhibit a paramagnetic-to-antiferromagnetic transition at about 140 K. These distinct properties are understood owing to the presence of multiple oxidations states of V, predominantly V 3+ and V 4+ , in nonstoichiometric LaVO 3 . © 2011 American Institute of Physics. ͓doi:10.1063/1.3549179͔
Renewed interests in V-based perovskite oxides arise owing to the possibility of tuning their properties, such as electric and magnetic through structural modification, chemical doping, and/or pressure. [1] [2] [3] [4] [5] [6] [7] In this respect, various studies have recently been conducted on the bulk and thin film of RVO 3 , wherein R stands for rare earth elements. [2] [3] [4] [5] [6] [7] [8] [9] These studies demonstrate that V, in these systems, is in a 3+ oxidation state and attains a 3d 2 ͑t 2g 2 e g 0 ͒ electron configuration. Further, these oxides display a strong competing spin-orbit and orbit-lattice interactions that lead to unique magnetic, optical, and electrical properties. 2, 3, 8, 9 In particular, LaVO 3 goes through an orthorhombic-tomonoclinic transition around 140 K due to the distortion in VO 6 octahedra. Despite the several studies, still the physical properties of orthovanadates are not well understood. [8] [9] [10] [11] For example, the origin of weak ferromagnetism and anomalous magnetic field dependent diamagnetic properties of LaVO 3 are still debatable. [8] [9] [10] [11] Nonstoichiometry of cations and/or oxygen in perovskite oxides plays a crucial role in provoking a new set of physical properties.This effect has been extensively studied in various perovskite oxides. 12 For example, it is possible to induce ferromagnetic and colossal magnetoresistance behavior in LaMnO 3 through La/Mn/O nonstoichiometry. 12 Thus, one may expect that the cationic deficiency in LVO may also alter its properties. In this context, Fjellvag and co-workers 13, 14 studied the influence of La deficiency up to 10% on the structural and physical properties of LVO. They reported that La deficiency significantly alters the lattice parameters while all samples adopt the orthorhombic crystal symmetry at 300 K. Neutron scattering studies 14 on LaVO 3 and La 0.92 VO 3 show that they undergo a first order structural transition at 140 and 82 K, respectively, and possess C-type antiferromagnetism. However, no structural transition and no long range magnetic ordering were observed for La 0.9 VO 3 . Further, the impact of oxygen composition on the structure and properties of LVO are studied. 15, 16 These studies also show that such changes intricately modify its behavior.
Unlike the La deficiency, very little is known about the effect of V deficiency on the structural and physical properties of LVO. In this paper, we report the structural, magnetic, and transport properties of V-deficient LVO. The vanadium deficient LaV x O 3 ͑viz., x = 1.0, 0.98, 0.96, 0.94, 0.92͒ polycrystalline samples were synthesized in two steps via standard solid state chemistry routes. Appropriate stoichiometric amounts of La 2 O 3 and V 2 O 5 powders were mixed using mortar and pestle and ultimately pressed in form of pellets. To remove the carbonate and/or hydrate formation, La 2 O 3 was precalcined at 950°C for 2 h in air. The pellets were subjected to sintering at 950°C in flowing He/ H 2 ͑5%͒ ambient for 2 h. They were reground and pressed in form of pellets. In the final step, these pellets were annealed at 1100°C for 30 h in He/ H 2 ͑8.5%͒. Attention was paid to obtain the oxygen stoichiometric samples. X-ray photoelectron spectroscopy ͑XPS͒ measurements were performed using a Thermo-VG Scientific ESCALab 250 microprobe equipped with a monochromatic Al K␣ x-ray source. C 1s core-level spectra were used as an internal standard. Temperature and magnetic field dependence of magnetization were measured using a superconducting quantum interferometer device magnetometer from Quantum Design. Transport properties were measured in four-probe configuration using a custom built system.
Past studies show that LaVO 3 adopts orthorhombic crystal symmetry 11 at 300 K with lattice parameters of a = 5.555 48 Å, b = 5.553 49 Å, and c = 7.848 68 Å. Crystallinity and phase formation of our samples were studied using a Philips x-ray diffractometer ͑XRD͒ equipped with a Cu K␣ source. Figure 1͑a͒ presents typical XRD patterns of the LaV x O 3 samples. Reflections are indexed based on orthorhombic Pbnm symmetry. The absence of any unaccountable reflection in the XRD patterns confirms that samples are homogenous and free from impurity phases. It is important to note that all samples, irrespective of V deficiency, exhibit the orthorhombic crystal symmetry and the cations have the same coordination. Compared to stoichiometric LVO, XRD data analysis also reveals that V-deficiency modifies the lattice parameters of LVO. For example, the c-lattice parameter of LaVO 3 is 7.842 Å, while its value is about 7.944 Å in LaV 0.92 O 3 leading to 1.3% enhancement in its value as a result of V-deficiency. A similar subtle trend is also noticed in a-and b-lattice parameters. To examine the chemical nature of La, V, and/or O in our samples get a deeper insight, XPS study was carried out. Figure 1͑b͒ presents typical core-level XPS spectra of O 1s and V 2p collected on two samples, viz., xϭ0.98 and 0.95. Irrespective of V composition, core-level V 2p 3/2 spectra are asymmetric. Further, its peak position relatively shifts toward higher binding energy, revealing that the average oxidation state of V increases from 3+ to a higher oxidation state in deficient samples. 17 The binding energy positions of V, extracted from the multiple peak fit to V ͑2p 3/2 ͒ core-level spectra ͑not shown here͒, are 515.2 and 517.0 eV in the 0.98 sample, whereas in the 0.96 sample these corresponding values are 515.0 and 517.3 eV. These values show that V 3+ ͑515.0-515.2 eV͒ and V 4+ ͑517.0-517.3 eV͒ are present in our samples and discernible changes in the relative compositions follow the trend in the V stoichiometry in LVO. 17 The presence of multiple oxidation states of V is further confirmed by core-level spectra of O 1s ͓see Fig. 1͑b͔͒ . A close inspection of core-level O 1s spectra reveals the presence of three discernible peaks ͑at 530.0, 531.8, and 533.3 eV͒, indicating that oxygen is in different chemical environments. The peak profile of the O 1s feature and its connection to possible asymmetric overlap of electronic wave functions of V and O in the deficient samples require further investigation and our detailed results will be reported elsewhere. Nonetheless, the presence of V 2+ , due to the possible excessive reduction, can also be ruled out because of the absence of features at lower binding energy ͑below 514.5 eV͒ in our samples. 17 Thus, XPS studies demonstrate that V is present in multiple oxidation states and can be assigned to V 3+ and V 4+ . The composition of V 4+ increases with a progressive decrease in V composition.
Temperature dependent resistivity ͑i.e., -T͒ curves of various samples are plotted in Fig. 2 . Two important features can be noted: ͑i͒ As samples were cooled down, resistivity increases, revealing that they exhibit an insulator behavior. ͑ii͒ With a progressive decrease in the V stoichiometry, the resistivity increases drastically. In a simple scenario, the resistivity of a given materials depends on the total number of charge carriers, the amplitude of the electron-phonon interaction, and the concentrations of defect sites that act as potential scattering centers for the current-carrying charge carriers. The V deficiency is critical owing to the role of V-O-V bonds in the electrical conduction process. Further, V deficiency partially changes the oxidation state of V 3+ ͑3d 2 ͒ to V 4+ ͑3d 1 ͒ to neutralize the system, as confirmed by XPS study. Although this enhancement in the oxidation state of vanadium generates the holes in our samples, the presence of defect states localize the charge carriers. [1] [2] [3] [4] The delocalization of charge carriers are further hindered by the absence of V in the lattices which randomly decouples the overlap of V-O-V wave functions. This shows that V stoichiometry plays a decisive role in determining its electrical properties.
In Mott insulators with intrinsic defects, electrical conduction may be described through a thermally activated process and/or variable range hopping process. 18 In thermally activated process, ͑T͒ describes as o exp͑E a / 2k B T͒, where o is the residual resistivity, E a is thermal activation energy, k B is the Boltzmann constant, and T is the temperature. Using the -T curves, we extracted the value of E a and it is plotted as a function of V composition in Fig. 2͑b͒ . Interestingly, the value of E a increases with a decrease in the V stoichiometry. This illustrates that the carriers are localized. Within the temperature limit of this work, our results show that the conduction process is thermally activated.
Zero-field cooled temperature dependence magnetization ͑M-T͒ curves are plotted in Fig. 3 . Irrespective of the V composition, M-T curves of all the samples show a peak formation at around 140 K, revealing the antiferromagneticto-paramagnetic transition ͑T N ͒. This indicates that these samples are antiferromagnetic. Similar effects are also observed on the other nonstoichiometric perovskites, such as Mn-deficient LaMnO 3 .
16 Surprisingly, the value of T N is identical for all V-deficient samples. On the contrary, a significant decrease in the value of T N was observed as a function of La deficiency in La-deficient samples. 13, 14 Taking into account the electrical properties, this possibly can be understood as follows: It is important to note that V-O bond is ultimately responsible for magnetic behavior in LVO. The doping of divalent cations at La site ͑e.g., Sr or Ca͒ ͑Ref. 4͒ in LVO promotes the enhancement in oxidation states of V, as seen in V-deficient samples. This increases the charge carrier concentrations through the creation of holes. Since the V-O-V bonds are intact in such samples, they ultimately lead to a paramagnetic metallic behavior in doped LVO owing to band filling process. However, such an increase in the bandwidth is hindered in vanadium-deficient samples due to localized states created by the defects and random-absence of V-O bonds in the lattice due to the V vacancies. Thus, the magnetic and transport properties of our samples are consistent with their structural behaviors.
A closer inspection of the M-T curves below 50 K shows a systematic decrease in the value of magnetization of LVO samples as one reduces the V composition. Further above T N , all samples follow the Curie-Weiss law and M-T data were fitted to this law to extract the value of paramagnetic moment eff and Weiss temperature ⌰ ͓Fig. 3͑b͔͒. This analysis reveals that V deficiency induces a reduction in the value of paramagnetic moment, which can be understood by taking into account the multiple oxidation states of V ͑viz., V 3+ and V 4+ ͒ and the ratio of their concentrations in our samples. Irrespective of the V composition, all samples have a negative value of ⌰ confirming that they are antiferromagnetic. This reveals that V deficiency does not destroy the long range antiferromagnetic ordering in LVO. In contrast, La-deficient samples 14 show no net change in the value of eff as a function of La nonstoichiometry, and follow the identical trend, as seen in our samples, in the value of ⌰. Further, the value of eff is larger than the expected value of spin-only V magnetic moments, suggesting that partial contributions arise from the orbital moment as demonstrated by various researchers in the past. [2] [3] [4] [5] [6] [7] [8] [9] In summary, we studied the impact of V deficiency on the properties of LaVO 3 . It demonstrates that the V deficiency induces multiple oxidations state of V and plays a decisive role in determining its physical properties . Further, antiferromagnetic ordering is found to be robust in V-deficient LaVO 3 .
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